Abstract: PP1, PP2A and PP2B all belong to PPP family of serine/threonine protein phosphatases. Their primary structures are highly conserved, particularly in the catalytic domain. In order to obtain correlative information about this conserved region, we constructed N-, C-deletion and N/C double-deletion mutants. We found that the N-and Csingle-deletion mutants exhibited higher enzymatic activities, while specific activity of N/C double-deletion mutant PP1 (9-306) did not notably change. The results of kinetics analysis showed that kcat and kcat/Km increased about 16-fold in the single-deletion mutants; while the two parameters of the double-deletion were lower than the single-deletions. We further explored stability of all mutants in existing denaturant guanidine hydrochloride (GdnHCl). It was noticeable that stability of PP1-(9-306) in all mutants was the highest. We speculated that PP1-(9-306) maybe retains a compact spherical structure, thus accordingly affected molecular catalysis. On the other hand the structures of single-deletion mutants were relatively relaxed, which were able to bind substrate easily, so activities of single-deletion mutants were higher than that of double-deletion mutant. We therefore deduced that PP1-(9-306) may be close to core region of PP1 molecule. In order to further solidify this idea, we used fluorescence spectra method to explore changes of space conformation. We found that emission peaks of all single-deletions were blue shifted in different degree in the absence of denaturant, while emission peak of N/C double-deletion mutant did not change obviously compared with that of the wild-type PP1. Conformation change of N/C double-deletion mutant was significantly less than those of single-deletion mutants in different GdnHCl concentration.
Introduction
The PPP family of serine/threonine protein phosphatases performs important roles in glycogen metabolism, cell cycle, apoptosis, gene transcription, etc. Type-1 protein phosphatases (PP1s) are one of the most important phosphatases of the PPP family. They are present in all eukaryotic cells and have been implicated in the control of a variety of physiological processes, including carbohydrate and lipid metabolism, protein synthesis, and gene transcription (Gibbons et al. 2007; Toole & Cohen 2007; Shi 2009 ). The primary structure of the PP1 catalytic subunit contains 330 amino acid residues, and PP1 exists as a heterodimer composed of a fixed catalytic subunit and one of dozens of different regulatory subunits. The regulatory subunits determine the substrate specificity and diversity of PP1s (Liu et al. 2005; Hurley et al. 2007) . Egloff et al. (1995) and Goldberg et al. (1995) reported the crystal structure of PP1. These first structures start with Leu7 and terminate at Ala299 because the N-and C-termini are largely disordered (Stefansson et al. 2007; Kilka et al. 2009 ). Later Terrak et al. (2004) continued to parse the Glu300-Gly309 of PP1 complexed with the myosin phosphatase targeting subunit, however, the N-and C-terminal regions were again not represented because of high flexibility. The catalytic subunit of PP1, referred to as PP1c, is higly homologous to the catalytic subunits of protein phosphatase-2A (PP2Ac) and protein phosphatase-2B (PP2B)/calcineurin A subunit exhibiting 49% and 40% sequence identity, respectively (Fig. 1A) . The prominent differences between the catalytic subunits lie mainly in the β12-β13 loop, and the non-conserved N-and C-termini (Maynes et al. 2004; Swingle et al. 2009 ). Deletion of 4 or 19 amino acid residues from the N-terminus of PP1c resulted in loss of activity, while, in addition, deletion of 33 and 25 residues from the C-terminus yielded specific activities retaining 9% and 61% of the wild type, respectively. All deletions of the 264 B.J. Wang et al. Black segments denote catalytic domains with percent identities to PP1 noted. The catalytic domain of PP2B and PP2A exhibits 40% and 49% identity to PP1, respectively. (B) Schematic representation of the PP1α catalytic subunit and its deletion derivatives. The catalytic core of PP1c α (residues 9-306) lacking the N-and C-termini is represented by a black bar. The variable N-and C-termini are indicated by white bars. (C) SDS-PAGE analysis of the purified enzymes. From left to right: marker; lane1, PP1-(1-306); lane2, PP1-(9-330); lane3, PP1wt; lane4, PP1-(9-306).
C-terminus beyond residue 33 led to complete loss of activity .
In the present study we deleted the C-terminal 24 amino acids of PP1c based on the previous results with deletion of the 25-amino acid C-terminal deletion, and found that the specific activity of the deletion mutant was increased 2.5-fold with K-R-Tp-I-R-R and pnitrophenyl phosphate (PNPP) as substrates. Our laboratory previously found that deletion of the first 8 Nterminal amino acids also resulted in increased enzymatic activity. On the basis of these previous deletions we constructed an N/C double-deletion mutant PP1-(9-306), and found that its enzymatic activity was not obviously affected. However it had greater stability than either single deletion mutant based on residual activity and conformation in denaturant. It also had a relatively compact structure. In view of these observations we suggest that the region 9-306 of PP1c corresponds to its core region.
Material and methods

Materials
1-Anilinonaphthalene-8-sulfonic acid (ANS), PNPP, isopropyl β-D-1-thiogalactopyranoside, Tris, ethylene glycol tetraacetic acid (EGTA), MnCl2 and CaCl2 were purchased from Sigma Chemical Corp. The phosphorylated peptide substrate (K-R-Tp-I-R-R) was synthesized by Scilight Biotechnology, LLC (China). The PP1 plasmid, pTAC-TAC expression vector and DH5α strain were from our laboratory. Restriction enzymes (NdeI and Hind III), T4 DNA ligase, and Pyrobest polymerase were purchased from TaKaRa Biotech (Tokyo, Japan), and malachite green from Biomol International, LP. All other reagents were of analytical grade. The PP1 mutants were all based on the rabbit muscle PP1α isoform cDNA.
Construction of deletion mutants of PPase-1 in the pTAC-TAC vector
Deletion mutants of PP1c were constructed using a PCR method, then inserted into the pTACTAC vector. The deletion mutants consisted of PP1-(1-306) (deleting the Cterminal 24 amino acids of PP1c) (Wang et al. 2011.) and PP1-(9-306) (deleting the N-terminal 8 residues and C-terminal 24 residues). The primers used were as follows: 5'-primer for PP1-(1-306) (the same as that for PP1wt): 5'-TATACATATGTCCGACAGCGAGAAGCTC-3' (NdeI site underlined); 3'-primer for PP1-(1-306): 5'-ACTAAGCTTTTAGTACTTGCCCTTGTT-3' (Hind III site underlined); 5'-primer for PP1-(9-306): 5'-TATACATAT GCTGGACTCTATCATCGGGC-3' (NdeI site underlined); and 3'-primer was the same as that for PP1- . PCR products were digested with NdeI and HindIII and ligated into pTACTAC vector, then transformed into Escherichia coli DH5α cells.
Expression and purification of proteins
Expression and purification of PP1-(1-306), PP1-(9-330) and PP1-(9-306) were as described for PP1c wild-type (Xie et al. 2006) . Enzyme purity was assessed by 12% SDS-PAGE and protein concentrations were measured by the Bradford method.
Protein phosphatase activity assays
The assay was done according to Tappan & Chamberlin (2008) . The enzyme dilution buffer was 50 mM Tris-HCl (pH 7.0), 0.1 mM EGTA, 1 mM dithiothreitol, and 1 mg/mL bovine serum albumin. The assay buffer was 20 mM 3-(Nmorpholino)propanesulfonic acid, pH 7.5, 1 mM dithiothreitol, 0.15 M NaCl, 0.1 mM MnCl2, 1 mM MgCl2, 2 mM EGTA, 10% glycerol, and 0.01 mg/mL serum albumin. For the assays, 25 µL Ser/Thr assay buffer, 15 µL distilled water, and 5 µL of the substrate K-R-Tp-I-R-R diluted in water, were incubated at 30
• C for 10 min, followed by addition of 5 µL diluted recombinant enzyme (in enzyme dilution buffer), and further incubation at 30
• C for 30 min. Malachite green solution (100 µL) was then added, and after incubation for 15 min at room temperature, phosphate release was measured in a microtiter plate reader from the absorbance at 630 nm. All reactions were performed in triplicate. One unit of phosphatase activity was defined as the amount of enzyme required to hydrolyze 1 nanomole of Pi in 1 min at 30
• C in a total reaction volume of 50 µL. Assays with PNPP as substrate were performed as described previously Xie et al. 2008 ).
Effect of denaturants on enzyme stability Different concentrations of guanidine hydrochloride (Gdn HCl) were incubated with PP1c wild-type and mutants (5 µM) at 4
• C for 24 hours; and the residual activity was determined.
Fluorescence spectroscopy Fluorescence measurements were performed using a FLOR-MAX-2 fluorometer. Enzymes in buffers containing various concentrations of GdnHCl were allowed to reach chemical and thermal equilibrium at 4
• C for 24 hours. They were then excited at 295 nm using 5 nm excitation and emission slit widths, and their emission spectra were recorded between 310-410 nm to measure intrinsic fluorescence. Their extrinsic fluorescence was also recorded as follows: the enzymes (5 µM) was retained with various concentrations of GdnHCl at 4
• C for 24 hours, and then added 50 µM ANS; the mixtures were incubated for 2-4 hours at 4
• C and their fluorescence spectra recorded at room temperature in a 1 cm path-length cuvette with an excitation wavelength of 345 nm. Emission spectra were measured from 400 nm to 600 nm.
Results
Protein phosphatase activity assays
The deletion mutants of PP1c used are shown in Figure 1B. They were expressed in E. coli and purified to near homogeneity (Fig. 1C) . We measured their specific activities using PNPP and K-R-Tp-I-R-R peptide as substrates (Fig. 2) . Both the C-and N-terminal deletion mutants had higher activity than the wild type, indicating that the C-and N-terminal sequences have some inhibitory effect. The activity of the N/C doubledeletion mutant was similar to that of PP1c wild-type.
Kinetic analysis of the wild-type and mutants
We determined the kinetic properties of the mutants (K m , k cat and k cat /K m ) with K-R-Tp-I-R-R peptide as substrate (Table 1) . Both k cat and k cat /K m increased about 16-fold in the C-terminal and N-terminal deletion; while k cat and k cat /K m of the double-deletion were lower than the single-deletions. And the K m of all the mutants was decreased. Figure 3 illustrates the comparison of the effects of the denaturant GdnHCl on enzyme stability. All three mutant enzymes were less stable than the wild-type, but the single mutants were less stable than the double mutants.
Effect of denaturant on enzyme stability
Fluorescence spectra of the enzymes in denaturant
We also assessed the conformational changes of these enzymes from their fluorescence spectra. Fluorescence analysis has many advantages including high sensitivity, strong selectivity, low dosage and simple methodology, and has been widely used to study the conformation of biological macromolecules. Tryptophan, tyrosine and phenylalanine residues can emit fluorescence. Phenylalanine is not excited in most experimental situations, so its emission spectrum is seldom observed. The intrinsic fluorescence of proteins is therefore mainly due to tryptophan and tyrosine residues (Wei et al. 2000) . The surface of a protein molecule is often surrounded by a layer of hydrophilic residues, while the hydrophobic residues are buried in the interior, and the struc- tural stability of a protein molecule relies heavily on intramolecular hydrophobic bonds. Protein denaturation is a process in which internal hydrophobic residues are gradually exposed outwards. Hence knowledge of changes in the microenvironment of tryptophan and phnylalaninee residues enables one to make inferences concerning changes of hydrophobicity at the surface of a protein and alterations of protein conformation.
The fluorescence spectra (Fig. 4) show that the emission peaks of the single deletion mutants were blue shifted in the absence of denaturant; PP1-(1-306) and PP1-(9-330) were blue shifted 10 nm and 5 nm, respectively (Fig. 4B,C) ; while the peak of PP1-(9-306) did not change (Fig. 4D) . When incubated in 0.4 M GdnHCl, the conformation of PP1c wild-type was the most stable, with no change of the emission peak; instead the maximum intensity increased, and the enzyme retained 87% activity. PP1-(1-306) was red shifted by 4 nm, and only 20% of activity remained; the emission peak of PP1-(9-306) also did not change, and 81% of activity remained. The activity of PP1-(1-306) was almost completely lost in 0.6 M GdnHCl, and its emission peak was red shifted 8 nm. In addition, the activity of PP1-(9-306) was completely lost in 2 M GdnHCl, and, like the wild-type, its emission peak was only red shifted 3 nm.
The extrinsic fluorescence spectra revealed that the extent of exposure of the hydrophobic residues of PP1-(1-306) was greater than that of the hydrophobic residues of PP1-(9-306) in all the concentrations of GdnHCl used (Fig. 4E,F) . They show that the hydrophobic surface of PP1-(1-306) increased about 2-fold in 0.4 M GdnHCl, while there was no evident change in PP1-(9-306) at any GdnHCl concentration.
In 1 M GdnHCl, the fluorescence intensity of PP1-(1-306) clearly declined, probably due to conformational damage as supported by its loss of stability.
Discussion
PP1, PP2A and PP2B all belong to the PPP family of protein phosphatases. Superimposition of the crystal structures of the PP1, PP2A and PP2B catalytic subunits also reveals striking structural similarity, especially within their active-site regions (Liu et al. 2005; Yi & Simpkins 2008) . In order to obtain further information about this conserved region, we deleted disordered termini to construct a series of N-and C-deletion mutants including 3, 4, 5, 6, 7, and 8 amino acid residues of the N-terminus and 24 and 25 amino acid residues of the C-terminus. We found that deletion of 3 and 4 amino acids resulted in activity lost; truncation of 5, 6, 7 and 8 amino acids all led to activity increasing. In addition, as mentioned above, all deletions of the C-terminus beyond residue 33 led to complete loss of activity; while 24-residue deletion increased enzymatic activity. We therefore selected the C-deletion mutant PP1- , the N-deletion mutant PP1-(9-330) and the N/C double deletion mutant PP1-(9-306), and found (Table 1 ) that the single deletion mutants exhibited higher enzymatic activity and catalytic efficiency than those of the double mutant. In addition, catalytic efficiency of the double mutant PP1-(9-306) was declined.
Denaturation studies showed that the N-terminal or C-terminal deletion mutants were very sensitive to GdnHCl, while the double mutant PP1-(9-306) was less sensitive. We speculate that deletion of the N-terminus or C-terminus leads to a relatively relaxed molecular structure; interaction between the active site and the substrate becomes easier, and activity increases; however, when both termini are deleted, the enzyme adopts a compact globular structure and the stability of the enzyme is increased with reducing its activity.
In order to further explore the structural bases of the stability changes, we tried to analyze changes of protein conformation. The surface of PP1c has three shallow grooves radiating from the active site and consisting of a hydrophobic groove, a C-terminal groove and an acidic groove, with the active site situated at the bifurcation point of an extended Y-shaped groove (Maynes et al. 2001 (Maynes et al. , 2006 . Of the important tryptophan residues in PP1c, Trp216 is located in the acidic groove, which is very important for interaction with inhibitors and substrates, whereas Trp206 is located in the catalytic site and interacts with a serine of substrate (Fig. 5) . Hence one can acquire information about conformation using intrinsic and extrinsic fluorescence technology.
The fluorescence spectra revealed gradual changes of protein conformation in GdnHCl. Low concentration of GdnHCl perturbed the conformation of the active site and reduced enzymatic activity. The activity and fluorescence intensity of PP1-(9-306) was the least affected of the mutants. We also observed that, in the absence of denaturant, the emission peaks of PP1- and PP1-(9-330) were blue-shifted. This supports the idea that the structure of the double deletion mutant is relatively compact, and that its conformation is more stable than that of either single deletion mutant.
In conclusion, we found that deletion not only at the C-terminus, but also at the N-terminus lead to a relaxed molecular structure. When the two termini were deleted at the same time, stability of residual structure was notably increased in denaturant by determining residual activities and fluorescence spectra. It seems that this part had compacted space structure to keep high stability in a denaturant. We thus think that this part may be close to the core region of PP1c.
